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PCLT/P (VDF-TrFE) Nanocomposite 
Pyroelectric Sensors 
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Abstract-Thin composi te  films consisting of 12 vol% 
of nanosized lan thanum a n d  calcium-modified lead ti- 
t a n a t e  ( P C L T )  powder  embedded  in  a vinylidene fluoride- 
tr if luoroethylene copolymer [P(VDF-TrFE)] m a t r i x  were 
depos i ted  o n  silicon (Si) subs t r a t e s  t o  form pyroelectric 
sensors wi th  t h r e e  different configurations. T h e  influenccs 
of a t h e r m a l  buffer layer a n d  back etching of t h o  silicon 
subs t r a t e  o n  t h e  cur ren t  a n d  voltage responsivit ies of t h e  
sensors were investigated theoretically a n d  experimentally.  
T h e  specific detectivity of the sensors was also calculated 
from t h e  measured  voltage responsivity a n d  noise. 
I. INTRODUCTION 
TUDIES on ferroelectric ceramic/polymer composites S were initiated in the 1970s, but most of the compos- 
ites invcstigated consist of a passive polymer matrix, such 
as siliconc rubber or epoxy [1]-[5]. P(VDF-TrFE) is a fer- 
roelectric copolymer that has attracted special attention in 
integrated pyroelectric sensor and array applications 161- 
191. Whcn the VDF content is in the rangc of 20 to 50 mol 
YO , the copolymer crystallizes in a polar [ j  form when 
prepared from thc melt or from solution. Hence, P(VDF- 
TrFE) thin films can be deposited on substrates by spin- 
casting and then poled in situ to yield high pyroelectric ac- 
tivity. Compared with the sintering of ceramic films, fabri- 
cation of P(VDF-TrFE) films is a low temperature process 
that is more compatiblc with Si technology. By incorpo- 
rating nanosized ferroelectric ceramic powder in a P(VDF- 
TrFE) matrix, composite thin films with both phases ferro- 
electric can be produced. The advantage of these nanocom- 
posites is that the established low-temperature technology 
for P(VDF-TrFE) can be directly applied to fabricate py- 
roelectric sensors. The pyroelectric coefficients of the cc- 
ramic and copolymer phases have like sign, and the piczo- 
electric coefficients have oppositc sign; therefore, when the 
two phases are poled in the same direction, the pyroelectric 
activities of the two phases are reinforced, and their piezo- 
electric activities arc partially cancelled [lo], [ll], reducing 
the vibration-induced electrical noise in the sensor. PCLT 
was reported to  have better pyroelectric propertics than 
lead titanate 1121; hence, PCLT-nanosized powder was prc- 
Manuscript rcceived September 9, 1999; accepted May 15, 2000. 
This work was substantially supported by a grant from the Indus- 
trial Support Fund of thc Hong Kong Special Administrative Region 
(Projcct No. AF/147/98) and by the Centre for Smart Materials of 
the Ilong Kong Polytcchnic University. 
The authors are with the Dcpartment of Applied Physics, The 
Hong Kong Polytechnic Univcrsity, Hunghom, Kowloon, Hang Kong 
(e-mail: apah1cha~polyu.edu.hk). 
pared by a sol-gel process [I31 and used in the fabrication 
of composites. 
In this study, thin PCLT/P(VDF-TrFE) nanocompos- 
ite sensors with 12% volume PCLT were deposited on Si 
substrates by the spin-coating method, and the PCLT and 
P(VDF-TrFE) phases were poled in the same direction to 
obtain reinforced pyroelectric properties. Because the Si 
substrate has a high thermal conductivity and heat capac- 
ity compared with the thin composite film, it served as 
a heat sink, thereby reducing the pyroelectric signal am- 
plitude. To improve the performance of the sensor, it is 
necessary to reducc thc heat flow from the pyroelectric 
layer to the Si substrate, either by inserting a polyimide 
t,hcrmal buffer layer between the pyroelectric layer and the 
Si substrate or by back ctching the Si wafer. 
11. PCLT POWDER PREPARED BY THE 
SOLGEL TECHNIQUE 
To cnsure that the composite films are homogeneous, 
the inclusions should have as small a size as possible. 
The conventional mixed oxide method cannot be used, 
as thc rcsulting powder sizc is too large. Hencc, nano- 
sized [(Pb".88Ca"."4La"."s)Tio.9803] powder was prepared 
by the sol-gel technique using lead acetate trihydrate, lan- 
thanum nitrate, and calcinm acetate as the precursors [13]. 
The sizc of the powder can he controlled by varying the 
annealing temperature T, because the size increases as 
T, increases. Howcver, if the size of the powder is lower 
than a critical value, the ceramic powder will not have 
good pyroelectric properties. A study of the X-ray diffrac- 
tion (XRD) patterns of PCLT powder annealed at various 
temperatures revealed that the (002) and (200) peaks were 
clearly separated when the powder was annealed at 850"C, 
indicating that thc powder is in a ferroelectric tetrago- 
nal phase. Hence, in this work, PCLT powder annealed at 
850°C was used. Thc powder had an average crystallite sizc 
of 45 nm as determincd by XRD and an average particle 
sizc of 80 nm as detcrniined by a particle size analyzer. 
111. FABRICATION OF PCLT/P(VDF-TRFE) 
COMPOSITES 
P(VDF-TrFE) 70/30 mol % copolymer [Curie tran- 
sition temperature (Tch)  = 105°C upon heating and 
T,, = 70°C upon cooling] supplicd by Piezotech (St. Louis, 
France) was used as the matrix. One gram of P(VDF- 
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Fig. 1. Schematic diagrams of PCLl/P(VDF-TrFE) rianocomposite 
pyroelectric sensor configumtions. 
TrFE) was dissolved in 9 mL of MEK/cthanol mixture to 
form a solution with about 10 wt% of P(VDF-nFE).  A 
mixture of methyl-ethyl-ketone (MEK) and ethanol (66/34 
~01%) was used instead of MEK bccausc this resulted in 
a better dispersion of the PCLT powder [1.4]. A suitable 
amount of PCLT powder was then added, and thc mix- 
ture was iiltrasonically agitated for several hoiirs to break 
up the agglomerates and to disperse the ceramic powder 
uniformly in the copolymer solution. A sensor with 0.12 
volume fraction of PCLT and thickness 3.5 pm was pre- 
pared by spin-coating (1600 rpni for 1 min) the cornpos- 
itc suspension onto a (100) Si substrate previously coated 
with an aluminum (Al) electrode (-0.6 pm thick). The 
film was annealed at 130°C for 2 h to remove the solvent. 
An A1 top electrode (-0.6 pm thick) of area 8 mm2 was 
then thermally evaporated onto the top surface of the film 
to produce the desired capacitor structure. 
The composite film was subjected to a dc field of 
50 MV/m for 1 h at 115"C, (above T c h )  to polarize thc 
ceramic phase [15]. T h e  electric field was kept on when 
cooling to room temperature so that the copolymer phase 
was polarized in the same direction as the ceramic phase. 
The composite was reheated to 95°C and poled under a dc 
field of 50 MV/m for another 2 h to polarize the copoly- 
mer fully. The poled sample was short-circuited and an- 
nealed at 60°C for 12  h to redim the contribution of thcr- 
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Fig. 2. Schciriatic diagram of the cxprrimental sctup for current os 
voltage responsivity tncasurements. 
mally stimulated current in subseqiient pyroelectric rnca- 
surerncnts. 
To calculate the currcnt and voltage responsivities of 
the scnsor, the specific heat and thermal diffiisivity of the 
sensor material rnnst be known. Because the thickness of 
the scnsor is too small for accurate thermal diffiisivity mea- 
surements, a series of composite samples with thickness of 
abont 0.2 nini and ceramic volume fraction 4 = 0.09-0.36 
were prepared for density, specific heat, and thermal dif- 
fusivity measurements. To fabricate these samplcs, a corn- 
positc suspension was poured onto a petri dish and al- 
lowed to dry; then, it was compression molded at  170°C 
into thick films. 
IV. PHYSICAL PROPERTIES OF PCLT/P(VDF-TitFE) 
COMPOSITES 
The specific heat c of thc thick composite filrns was 
measured by a Perkin Elrner DSC7 differential scanning 
calorimeter. The thermal diffiisivity D was measured by 
the flash radiometry technique 1161, and the density p was 
measured by hydrostatic weighting. These data, together 
with the volume-specific heat (pc )  and thermal conduc- 
tivity ( K  = pcD), are given in Table I. It is seen that 
the density of the composites increases, while the spe- 
cific heat decreases, as 4 increases, resulting in a relativcly 
constant volume-specific heat. Both thc thermal diffiisiv- 
ity and thermal conductivity increase as (b increases. The 
thermal data requircd for calculating the response of the 
thin film sensor (4 = 0.12) was obtained by interpolating 
the data for the thick films. These are given in Table I1 
together with other data taken from literature. 
As polyimide (PI) was used as a thermal buffer layer 
in the pyroelectric sensor, its thermal properties were also 
required in the calculation of sensor response. The poly- 
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TABLE I 
DENSITY p, SPECIFIC HEAT c, VOLUME-SPECIFIC HEAT (pc) ,  THERMAL DIFFUSIVITY D, AND TIIRRMAL CONDTJCTIVITY IC ( p c D )  OF 
P(VDF-TnFE) 70/30 h40L o/o COPOLYMleR AND PCL'r/l'(VDF-TRFE) 0-3 NANOCOMPOSI?.NS. ALL DATA WERE OBTAINED AT ROOM 
TEh4PERATlJRli. 
PCLT volume fraction 4 n 0.09 0.15 0.23 0.36 
Density p ( k p r 3 )  is120 2395 2725 3165 3880 
Volume-specific heal (lo6 Jrri-"K-' ) 2.00 2.13 2.17 2.21 2.27 
Specific heat c (Jkg-lK-I) 1040 888 796 697 585 
Thermal diffusivity L) m's-') 0.101 0.103 0.120 0.148 0.202 
Thermal conductivity IC (Wm-' K-') 0.202 0.218 0.261 0.327 0.459 
TABLE I1 
MATERIAL PARAMETERS USED IN TIIE MODELING OF PYROELECTRIC SHNSORS. PARAMETERS POI1 THE COMPOSITE ARE INTERPOLAl'ED FKOhl 
THE DATA IN TABLE 1.
Therm a I 
conductivity IC Specific heat c Density p Thickncss 
Material (Wru-'K-') (J1~g-IK-l) ( k ~ m - ~ )  (bm) 
Al* 237 896 2707 0.6 
Composite 0.239 840 2560 3.5 
SiOz* 1.3 750 2200 1.5 
Si* 149 703 2330 380 
PI 0.253 981 1356 2 - 8  
- 
*Taken from [18]--[21] 
imide used in the present study was supplied in liquid form 
by Shanghai Jiaotong University, China. A PI sample of 
diameter 12  mm and thickness 0.2 mm was used in the 
thermal diffusivity measurement. Thc thcrmal data for PI 
arc also given in Table 11. 
The relative permittivity E at 1 kHz and the pyroelectric 
coefficient p of the poled conipositc with c', = 0.12 werc 
mcasured by a HP 4194A impedance analyzer and by the 
charge integration method, rcspectively [17]. The rclative 
permittivity and pyroelectric coefficient were found to br 
14 and 50 pC/m2K, rcspectively. 
V. FABRICATION OF NANOCOMPOSITE 
PYROELECTRIC SENSORS 
Three configurations of single-element pyroelectric sen- 
sors havc been fabricated (Fig. 1). The sensing elemcnt is 
a 3.5-pm thick PCLT/P(VDF-TkFE) nanocomposite with 
ceramic volume fraction 4 = 0.12. Configuration I con- 
sists of a sensing element deposited on a 380-pm thick Si 
wafer previously coated with 1.5-pm thick Si dioxide and 
0.6-pm thick A1 electrode. Configuration I1 is similar to I, 
cxcept that an additional 8-pni thick PI  layer is deposited 
between the sensing element and the Si substrate. Config- 
uration I11 has the samc structure as configuration 11, but 
with the Si substratc etched away (at 70°C in a 20% KOH 
solution). An absorption layer was produced by spraying 
graphite on the top electrode of the sensor to increase the 
absorption of incident cnergy. 
VI. CURRENT AND VOLTAGE RESPONSIVITIES 
OF THE SENSORS 
The current and voltage rcsponsivities Ri and R, of the 
single-element pyroclcctric sensors wcre measured in the 
range of 1.1 Hz to 10 kHz using the experimental setup 
shown in Fig. 2. The graphite absorption layer was irradi- 
ated by a rnodulatcd bcarn from a laser diode (wavclength 
X = 684.4 rim) equipped with a modulator. The ampli- 
tude of the incident power (Po) was 1.7 mW, and 90% 
absorption by the graphite layer was assumed. The output 
of the sensor was connected either to a current amplifier 
(for current measurement) or to a JFET (for voltage mea- 
surerncnt) and fed to a lock-in-amplifier and then to a 
computer. The voltage noise AVN of the sensors was also 
mcasured using the same experinicntal setup but with the 
laser switchcd off. 
The current and voltagc rcsponsivitics Ri and R, of a 
singlc-element pyroclcctric sensor are given by [19], [22], 
[23]: 
where Io and Vo are the amplitudes of the output current 
and output voltage, respectivcly; Po is thc amplitude of 
incident power on the sensor arca A; T is the spatially av- 
eraged temperature amplitude in the sensor layer; w is the 
modulation angular frequency; and p is thc pyroelectric 
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coefficient of the composite sensor (p  = 50 pCrnp2K-'), 
Rioad = 10 kOj and Rbias = G8 Mb2 are the extcrnal re- 
sistors used in the voltage measurements [Fig. 21); RE 
is the equivalent resistance of the composite and R+,ias 
(RE N Rbias = 68 MC2); Cz (283 pF) is the equivalent ca- 
pacitance of the composite and the JFET (2N4861); and 
g, (0.525 mA/V) is the mutual conductance of the JFET. 
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A .  Calculated Current and Voltage Responsivities 
The current responsivity Ri and voltage responsivity R, 
were calculated in terms of (1) arid (2) using the tempcr- 
ature change T calculated by solving a one-dimensional 
heat diffusion equation for a multi-layer system [18], [20], 
Ri and R, are affectcd very little by the Si02 layer bc- 
cause it is very thin and has a high thermal conductivity 
PI. 
0 .0 l t  . . . .  '"'1 " . " " "  . """" . """" . 
i o 2  io" i o o  IO' io2 i o 3  IO' i o 6  
f (Ha  
Fig. 4. Calculated Ri (a) and R, (b) of the sensor with configuration 
111. Solid curve: thickness of PI = 0 pm, dashed curve: thickness of 
PI = 4 pm; dotted curve: thickness of PI = 8 pm. 
compared with the composite (Table 11). The dependen- 
cies of R ,  and R, on the modulation frequency are shown 
(as solid lines) in Fig. 3(a and b), respectively. From the 
R ,  curve, three frequency regimes separated by f l  and f i  
can be identified. The thermal diffusion length in the com- 
posite laycr L is given by 
L = (D/sf)1/2 ( 3 )  
where D is the thermal diffusivity of the composite. In the 
frequency range f < f l ,  L is so large that the sensor film and 
substrate arc heated uniformly. Ri is determined mainly by 
the thermal capacity of the substrate and is therefore con- 
stant. In the frequency range f > fi, L is smaller than the 
thickness of the sensing layer, so the thermal wave does 
not fully penetrate the sensing layer. As the frequency in- 
creases further, the decrease in L above about 10 kHz im- 
plies that thc relative amount of thermal energy remaining 
in the A1 top electrodc increases; therefore, Ri decreases. 
In the frequency range f l  < f < f2, which is usually used for 
infrared detection, Ri falls off with decreasing frequency. 
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Pig. 5. Measured (points) and calculated (linc) R.i (a) 
thc sensor with configuration I. 
R, (b) of Fig. 6. Measllrcd (points) and calculatcd (line) Ri (a) and H., (b) of 
the scnsor with conliguration I1 . Thickiiess of 1'1 = ti p i .  
I?. Measured Responsivities and Specific Detectivitu 
This is because, as the frequency decreases, the thernial 
wavc penctrates more and morc into the substrate. In this 
frequency range, the introduction of a thermal bnffcr layer 
can improve Ri 
Fig. 3(a and b) also shows the effects of thc addition of a 
PI thermal buffer layer. In the frequency rangc betwccn f l  
and f2 ,  R.i and R," increasc significantly with incrcasing PI 
thickness. This arises because the PI layer can effectively 
decrease the heat flow into the S i  substrate. 
The influence of the Si substrate can be eliminatcd by 
back ctching the silicon (configuration I11 in Fig. 2). For 
this case, Ri [Fig. 4(a)] and R,, [Fig. 4(b)] havc been calcu- 
lated for three different thicltnesses of PI layers (solid line: 
0 pni, dash line: 4 pm, dott.ed linc: 8 pm). Ri decreases 
with incrcasing thicltncss of thc PI laycr because part of the 
thermal energy is absorbcd by the P I  layer. However, an 
appropriate thickness of PI provides good support to the 
pyroelectric sensing layer, thercby increasing the robust- 
ness of the sensor and preventing the membrane structure 
from being damaged. 
Fig. 5 through 7 show a coniparison of the measured 
and calculated rcsponsivities. It is observed that the mca- 
sured values agree wcll with the calculated ciirves except 
at low and high frequencies. In the calculation, lateral hcat 
flow was neglected, and a one-dimcnsional thermal diffu- 
sion cquation was used. The discrepancy between thcory 
and experiment at low frequencies is duc to thc neglect of 
the lateral heat flow. Becausc of thc small thermal capac- 
ity and thickness of the absorption layer, it was also ne- 
glectcd in thc calculation. This rcsiilts in considerablc error 
at high frequencies becausc the thernial tlifrusion length is 
very small in this frequency rangc. 
The specific detectivity U* (A'/'R.,/AVN) has bccn 
calculated from the mcasurcd voltage rcsponsivity R,", 
voltage rioisc AVN, and area of the pyroelectric clcment A; 
the results arc shown in Fig. 8. It is observed that D* has a 
maximum value of 1.3 x lo7 cmHz'/'/W at about I ItHz for 
I;hc sensor with configuration I, and 2.1 x lo7 cmHzl/'/W 
at about 300 Hz for the sensor with confignration 11. It 
Authorized licensed use limited to: IEEE Xplore. Downloaded on October 8, 2008 at 23:09 from IEEE Xplore.  Restrictions apply.
159 
is also observed that, between 5 and 100 H A ,  the sen- 
sor with configuration 111 has a constant D* value of 
2.8 x lo7 c m H ~ l / ~ / W ,  which is much higher than those 
of the seiisor with configuration I or 11. It has been re- 
ported that D* for a PVDF sensor element in an array on 
a Si substrate at a modulation frequency of about 25 Hx 
lies between 10G and 2 x lo7 cmHz'/'//W [7], [8 ] ,  [nil]. The 
comparatively high D* values of our sensors indicate that 
PCLT/P(VDF-TrFE) nanocompositcs have good poten- 
tial for use as pyroelectric sensors. 
".. 
1 os 
10' 1 o2 1 o3 1 o4 
f (Hz) 
Fig. 8. Specific detectivity D* of the scnsors wiLh configuration I 
(triangle), I1 (circle), and I11 (sqiiare) calculated froni thc incasurcrl 
voltage responsivity arid noise. 
VII. CONCLIJSIONS 
Single-element pyroelectric serisors with three different 
configurations have been fabricated using PCLT/P(VDF- 
TrFE) nanoconiposites as sensing elements. The rneasnrcd 
voltage arid current responsivities of the pyroelectric detrc- 
tors show good agreement with the theoretical predictions 
obtained by solving a one-tlimensional thernial diffusion 
equation for a multi-layer systern. 
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